with therapeutic effects. Experimental results indicated that Artepillin C adsorbed onto the DMPC monolayers. Its presence in the lipid suspension pointed to an increased tendency toward unilamellar vesicles and to decreased bilayer thickness. Artepillin C caused point defects in the lipid structure, which eliminated the ripple phase and the pre-transition in thermotropic chain melting. According to molecular dynamics (MD) simulations, (1) Artepillin C aggregated in the aqueous phase before it entered the bilayer; (2) Artepillin C was oriented along the direction normal to the surface; (3) the negatively charged group on Artepillin C was accommodated in the polar region of the membrane; and (4) thinner regions emerged around the Artepillin C molecules. These results help an understanding of the molecular mechanisms underlying the biological action of propolis.
Introduction
Propolis results from a mixture of beeswax and resinous compounds that bees selectively collect from vegetation. This mixture has long been used as an antibacterial, antifungal, and antioxidant agent in traditional medicine (Bastos et al. 2008; Lotfy 2006; Sawaya 2009 ). The biological activity of propolis is related to the presence of natural substances such as bioactive secondary metabolites from plants. Therefore, the final composition of propolis strongly depends on the bee species and on the region the bees inhabit (Alhassan et al. 2014; Kumazawa et al. 2004; Park et al. 2002) . Phenolic acids, flavonoids, and terpenes are the commonest substances collected by several species of bees worldwide (Arslan et al. 2012; Bonvehí and Gutiérrez 2012;  Abstract Green propolis, a mixture of beeswax and resinous compounds processed by Apis mellifera, displays several pharmacological properties. Artepillin C, the major compound in green propolis, consists of two prenylated groups bound to a phenyl group. Several studies have focused on the therapeutic effects of Artepillin C, but there is no evidence that it interacts with amphiphilic aggregates to mimic cell membranes. We have experimentally and computationally examined the interaction between Artepillin C and model membranes composed of dimyristoylphosphatidylcholine (DMPC) because phosphatidylcholine (PC) is one of the most abundant phospholipids in eukaryotic cell membranes. PC is located in both outer and inner leaflets and has been used as a simplified membrane model and a nonspecific target to study the action of amphiphilic molecules Gregoris and Stevanato 2010; Hamasaka et al. 2004; Laskar et al. 2010; Righi et al. 2013) . These substances protect beehives against intruders and ensure their antisepsis.
Green propolis from the species Apis mellifera has a broad spectrum of biological and pharmacological properties. The Brazilian green propolis is famous for its antitumor potential, especially due to the presence of Artepillin C (3,5-diprenyl-4-hydroxycinnamic acid), which is the major constituent among all the compounds identified in this propolis (Kimoto et al. 1998 ). Artepillin C also displays anti-inflammatory and anti-oxidant properties (Paulino et al. 2008; Shimizu et al. 2004) , and it is an important lead in the search for new drugs even though its mechanism of action is not well established yet. This molecule belongs to the group of cinnamic acid derivatives. It has low molecular weight (300.39 g mol −1 ) and bears two prenylated groups bound to a phenyl group (Fig. 1 ). This particular structure enhances the hydrophobicity of Artepillin C and probably favors its interaction with amphiphilic aggregates such as cell membranes (Alhassan et al. 2014) , which may be the step that elicits its biological action. However, the interaction between Artepillin C and cell membranes or cell membrane models is not well understood.
In this study, we have examined the interaction of Artepillin C with cell membrane models such as vesicles and Langmuir monolayers consisting of dimyristoylphosphatidylcholine (DMPC). We decided to use DMPC because it is one of the most abundant phospholipids in eukaryotic cell membranes and is located in both outer and inner leaflets. Phosphatidylcholine (PC) has been extensively explored as a model for the basic structure of cell membranes and has been employed as a non-specific target for the action of amphiphilic molecules with therapeutic effects Fa et al. 2006; Ota et al. 2011; Suwalsky et al. 2015; Tovani et al. 2013; Wesołowska et al. 2014) . To probe the thermotropic lipid phase transition, we have resorted to differential scanning calorimetry (DSC). Small angle X-ray scattering (SAXS) helped us to investigate alterations in the structural properties of the lipid bilayers. The adsorption of Artepillin C at the water/lipid interface was monitored by z-potential measurements and surface pressure vs surface area isotherms. In addition, molecular dynamics (MD) simulations helped us to evaluate how Artepillin C accessed the lipid bilayer, to identify its specific location in the membrane, and to verify structural changes in the bilayer after the interaction.
Materials and methods

Chemicals
1,2-Dimyristoyl-sn-glycero-3-phosphocholine (DMPC) was purchased from Avanti Polar Lipids (Alabaster, AL, USA) as powder. Artepillin C (3,5-diprenyl-4-hydroxycinnamic acid), isolated and purified from Brazilian green propolis, was purchased from Wako, Japan. All the reagents were used without further purification. Lipid suspensions were prepared by using dust-free Milli-Q water (18.2 MΩ cm).
Preparation of vesicles
Large unilamellar vesicles (LUVs) and multilamellar vesicles (MLVs) were prepared from stock solutions of DMPC lipids in chloroform at 40 mmol L −1
. Vesicles containing Artepillin C were obtained by mixing controlled amounts of a 20 mmol L −1 stock solution of the compound in methanol (MeOH) with the lipid solution in chloroform. Dry films emerged by evaporating the solvent under a N 2 flow and eliminating the remaining traces of organic solvent under reduced pressure for at least 1 h. The MLVs were prepared by adding Milli-Q water onto the films and vortexing them at 30 °C for 2 min, above the lipid phase transition temperature. Subsequent extrusion afforded the LUVs, as described elsewhere Barioni et al. 2015) . The MLV suspension was passed through a polycarbonate membrane with pores measuring 0.1 µm (Whatman, Sigma Aldrich) at least 21 times. Previous work on dynamic light scattering (DLS) performed in our group had shown this procedure resulted in a sharp distribution of particles with diameter of 120 nm and a single population when the process occurred above the phase transition temperature. The turbidity of the preparation remained stable during the period the experiments were conducted.
Langmuir monolayers
A 1 mmol L −1 DMPC solution in chloroform was spread on a 216-cm 2 (length = 21.95 cm; width = 9.85 cm) , to form the lipid monolayer at the air/ liquid interface. Either pure water or 1 µmol L −1 Artepillin C aqueous solution was used as subphase. The surface vs surface area (π-A) isotherms were recorded at 25 °C, and the area expansion due to Artepillin C adsorption was calculated by subtracting the isotherm obtained in the absence of the compound from the isotherm obtained in the presence of the compound (Parra et al. 2015) .
Zeta potential measurements
The electrophoretic mobility of DMPC unilamellar vesicles (1 mmol L −1 ) was measured in the absence and in the presence of Artepillin C (Artepillin C/DMPC molar ratio 2:100, 5:100, 7.5:100, 15:100, and 20:100) to compute the z-potential by means of the Smoluchowski equation (Shaw 1992): where η is the viscosity of the solvent, µ is the electrophoretic mobility, and ε is its dielectric constant. Samples containing Artepillin C were prepared by adding aliquots of a 10 mmol L −1 solution of this compound in MeOH to the extruded suspension. The measurements were performed on a Nano Zetasizer ZS90 (Malvern Instruments, Worcestershire, U.K), which uses a wide-angle (178°) laser Doppler velocimetry, at 30 °C. The samples were placed in dedicated plastic cuvettes (DTS1060 cells) equipped with gold electrodes (Malvern Instruments).
Small angle X-ray scattering (SAXS)
SAXS measurements were performed on a SAXSLAB GANESHA 300 XL SAXS system equipped with a GeniX 3D Cu Ultra Low Divergence micro focus sealed tube source that produced X-rays with a wavelength of λ = 1.54 Å. A sample-to-detector distance of 713 mm was used to access a q-range of 0.15 ≤ q ≤ 4.47 nm −1 with q = 4π/λ(sin θ/2), where 2θ was the angle between the incident X-ray beam and the detector measuring the scattered intensity. Extruded lipid suspensions at 40 mmol L −1 in the absence and in the presence of 10 mol% of Artepillin C were placed in 2-mm quartz capillaries (Hilgenberg, Germany). The sample temperature was kept at 30 °C with the aid of a Julabo temperature controller. The acquisition time of the SAXS data was 6 h for each sample, and the background signal (scattering of a capillary filled with water) was subtracted from the obtained profiles. The experimental SAXS diagrams were fitted by using the Global Analysis Program (GAP) version 1.3, provided by Dr. Georg Pabst of the Austrian Academy of Sciences--Graz. Herewith, we obtained the electron density
of the polar head group, of the acyl chain regions of the lipid bilayers, and of the fraction of the resulting unilamellar vesicles (Pabst et al. 2000 (Pabst et al. , 2003 by using the function:
where N UV is the fraction number of positionally noncorrelated particles (i.e., unilamellar vesicles), S(q) is the structure factor (inter-particle interaction), and F(q) is the form factor, which gives the electron density profile. From the parameters that describe the head group regions, it was possible to calculate the thickness of the membrane (d B ) through equation (Pabst et al. 2008) :
where z H is the headgroup position measured from the center of the bilayer, and σ H is the width of the Gaussian of the electron-dense distribution over the headgroup region.
Differential scanning calorimetry (DSC)
Calorimetric experiments were carried out on a VPN-DSC from Microcal. The capillary degassed samples of MLVs (10 mmol L −1 ) were placed in the analyzer in the absence and in the presence of 1, 5, and 10 mol% of Artepillin C. The scan rate was 0.5 °C min −1 throughout the experiments. The Microcal Origin software, provided by Microcal, allowed us to subtract the baseline and analyze the data. Each sample was scanned at least seven times. The samples were prepared in triplicate.
Molecular dynamics simulations (MD)
Molecular Dynamics (MD) simulations were performed with the NAMD 2.10 (Phillips et al. 2005 ) software on a fully hydrated DMPC bilayer in the presence of different concentrations of Artepillin C molecules. The DMPC bilayer containing 64 lipids per leaflet was previously equilibrated until it reached the experimentally reported values of area per lipid and thickness (Kučerka et al. 2011) . The parameters for Artepillin C were obtained by using the webserver CGenFF (Vanommeslaeghe et al. 2010; Yu et al. 2012) . Two different systems were built by employing packmol (Martínez et al. 2009 ) and different Artepillin C/lipid molecular ratios, namely 5:128 and 10:128. The low concentration system contained 34,411 atoms with five sodium ions, whereas the high concentration system had 34,626 atoms with 10 sodium ions. In both cases, the simulation started with Artepillin C molecules placed in the bulk. To eliminate bad contacts between the atoms, we initially minimized the starting structures and equilibrated the system for 2 ns. Afterwards, we performed a
500-ns simulation for both systems. For these simulations, the CHARMM C36 (Klauda et al. 2010) force field was applied. Moreover, the NPT ensemble was employed at 313 K and pressure of 1 bar. To control the temperature and pressure, we used Langevin Dynamics and Nosé-Hoover Langevin, respectively. The long-range electrostatic interactions were estimated by using the Particle-Mesh-Ewald summation method with a cutoff of 1.2 nm and switch distance of 1.0 nm. The results of the simulations were analyzed with LOOS v2.2.5 (Romo and Grossfield 2009), and figures were prepared by using VMD (Humphrey et al. 1996) .
Results and discussion DMPC monolayers: π-A isotherms
First, a DMPC π-A isotherm was obtained with a pure water subphase (Fig. 2a--black line) . The monolayer was compressed from 0 up to its collapse, which occurred at a surface pressure of approximately 47 mN/m. At 25 °C, the isotherm evidenced a liquid-expanded phase over all the compression of the monolayer, as expected for this phospholipid (Gaboriaud et al. 2005; Gradella Villalva et al. 2016; Ramos et al. 2010) . The isotherm expanded upon addition of Artepillin C to the subphase (Fig. 2a, red line) . With 1 µmol L −1 Artepillin C, the collapse happened at a surface pressure of 50 mN/m, which represented a slight increase of 3 mN m −1 as compared to the pure water subphase. This increase indicated a larger barrier against compression.
Artepillin C expanded the area of the DMPC monolayer as revealed by the difference between the molecular lipid areas of the isotherms measured in the pure water subphase and in the presence of the compound. Increased surface pressure decreased the expanded area (Fig. 2b) . This corresponded to an area expansion of around 4% in the DMPC monolayer at its maximum packing, which was caused by insertion of Artepillin C molecules.
A surface effect promoted by the deprotonated form of Artepillin C, which displays a negative charge on the oxygen located in the carboxylic group of the cinnamic acid with pK a value of 4.4, may have increased the surface pressure required to collapse the monolayer and expanded the observed area (Yu and Matsui 1997) . This should expand the monolayer and demand higher energy to compensate for the electrostatic repulsion between the charges of the Artepillin C molecules in the monolayer. The presence of negative charges in the monolayer and the corresponding changes in the electric surface potential could be further studied using zeta potential experiments, as follows.
Zeta potential
Zeta potential measurements evidenced the charge effects of Artepillin C at the polar head group region of the lipid unilamellar vesicles. Figure 3 shows the changes in the z-potential of DMPC vesicles as a function of the amount of Artepillin C added to the system. Despite the electrical neutrality of pure DMPC, a negative potential of −4.2 mV was detected. This potential basically originated from the A B 
Small angle X-ray scattering (SAXS)
Structural changes in DMPC vesicles induced by Artepillin C were examined by small angle X-ray scattering experiments. The results were analyzed in terms of the electron density distribution of the hydrophobic and hydrophilic regions of the bilayers. The SAXS pattern of DMPC extruded vesicles without Artepillin C displayed a broad quasi-Bragg peak around 0.1 Å −1 and a shoulder around 0.2 Å −1 (Fig. 4a) , which indicated the presence of multilamellar vesicles despite the extrusion procedure (Ristori et al. 2009 ). From the fit of the curves to the experimental data given by Eq. 2, and by using the values obtained for d B , calculated as shown in Eq. 3, it was possible to obtain the structural parameters presented in Table 1 . By far the most prominent difference was the increased percentage of unilamellar vesicles (N UV ) upon insertion of Artepillin C: the percentages of DMPC unilamellar vesicles (LUVs) in the absence and in the presence of Artepillin C were 64 and 96%, respectively. Artepillin C presumably accommodated in the polar head group region. Because it is negatively charged, Artepillin C should generate an inter-bilayer electrostatic repulsion, to form LUVs spontaneously, as reported elsewhere for other charged compounds (Ristori et al. 2009 ). This was consistent with the results from the z-potential measurements. The other structural parameters (Table 1) revealed that the presence of Artepillin C slightly thinned the lipid bilayer, by around 2%. The SAXS data provided evidence that Artepillin C affected LUVs in almost the same way as the procedures conducted to obtain unilamellar vesicles; for instance, addition of a small percentage of negatively charged lipids to the suspension resulted in inter-bilayer electrostatic repulsion. Further experiments with non-extruded lipid suspension (data not shown) corroborated this feature: the diagram obtained for the sample without Artepillin C was typical of multilamellar vesicles. However, addition of the bioactive compound to the non-extruded suspension culminated in a profile that was characteristic of unilamellar vesicles. Moreover, fitting of both diagrams provided N UV values that corresponded to the amount of unilamellar vesicles in the non-extruded suspension and indicated the presence of around 29 and 99% of LUVs for the pure and for the Artepillin C-containing suspensions, respectively.
Differential scanning calorimetry (DSC)
An increase in temperature causes DMPC multilamellar vesicles to undergo transition from a gel (L βʹ ) to a fluid phase (L α ). The data obtained here agreed with the results of Prenner et al. (1999) and showed that the transition gave rise to a sharp peak at 23.9 °C (T M ) in the thermogram, which was associated with an enthalpy value of 7.2 kcal/mol (Fig. 5) . Additionally, a pre-transition peak (T P ) emerged at 14.3 °C with a variation in enthalpy of 1.26 kcal/mol. This peak reflected the conformational change of the carbon chains from a lamellar gel phase to a ripple gel phase. Addition of 1 mol% of Artepillin C altered the cooperativity of the lipids in the vesicles. The main peak shifted and broadened slightly, which strongly modified the pre-transition peak and concomitantly increased and decreased the enthalpy of both endothermic processes, respectively ( Table 2 ). The pre-transition peak shifted downward by −3.6 °C, which was accompanied by a reduction in ΔH P from 1.26 to 0.68 kcal/mol (54%). These changes suggested that Artepillin C could be located near the lipid/water interface, thereby affecting the properties of the polar headgroup region, as already reported for other compounds (Basso et al. 2011; Gardikis et al. 2006; Wesołowska et al. 2014) . For higher Artepillin C concentrations of 5 and 10 mol%, the pre-transition peak completely disappeared, the main peak broadened and shifted to lower temperatures, and the associated enthalpy decreased, which indicated that the presence of the bioactive compound strongly impacted both transitions. Indeed, the fact that the addition of biomolecules changes the DMPC pre-transition temperature has already been reported. For instance, cholesterol decreases T P , while other compounds such as gramicidin S, cannabinoids, sphingosine, various anesthetics, and ceramides completely abolish it (Heimburg 2000) . As reported before (Heimburg 1998) , the pre-transition in DMPC vesicles has a half width in the range of 1 °C and is considerably less cooperative than the main transition, which has a half width of 0.05 °C.
Heimburg (2000) presented a model for the thermotropic phase transition in lipid vesicles that considered both the pre-and the main melting transitions as part of the lipid chain melting, associated with the formation of periodic ripples on the membrane surface. Within the model, the formation of membrane ripples, which consist of fluid lipid line defects, could be a consequence of the coexistence of gel and fluid lipid domains within an individual monolayer. Due to geometrical and topological constraints, such domains are forced to arrange periodically on the surface. Therefore, in the framework of this model, the pre-and main transitions are coupled, and an isolated monolayer should not form ripples. According to the SAXS results, insertion of Artepillin C into DMPC vesicles forced the formation of unilamellar vesicles. Geometrical changes also occurred in the bilayer, as seen by the 2% decrease in the thickness of the bilayer and the concomitant extension of the surface. Hence, the structural arrangement of the DMPC vesicles in the presence of Artepillin C should modify their thermotropic behavior in such a way that the fluid lipid line defects would be avoided, thus preventing the formation of line defects that could originate the ripple phase and the pre-transition.
Molecular dynamics simulations (MD)
To clarify the interaction between Artepillin C and the DMPC lipid bilayer, we carried out atomistic molecular dynamics simulations. Two different Artepillin C/lipid molecular ratios, 5:128 and 10:128, were investigated. In the initial configuration, all the Artepillin C molecules were placed in the bulk (Fig. 6a) , and the simulations were run for over 500 ns (Fig. 6a-f) . At the end of the simulation, the Artepillin C molecules were inside the lipid bilayer (Fig. 6f) . To evaluate the interaction between the compound and the bilayer in more detail, we counted the number of contacts between two Artepillin C molecules or between the compound and other components of the system. To this end, we created a shell in the target molecule (Artepillin C) and computed the number of atoms residing inside the shell to obtain the percentage of contacts between the target molecule and the second compound. Figure 6b shows that Artepillin C aggregated in the bulk before reaching the lipid bilayer. The contact map (Fig. 7a--top, green line) confirmed the presence of aggregates within the first 100 ns: 88% of the total average contact took place between Artepillin C molecules. Hydrophobic interactions of Artepillin C in water promoted such aggregation, subsequently favoring insertion of this molecule into the lipid phase of the membrane. The contacts between Artepillin C and DMPC or water (Fig. 7a--bottom) revealed how the compound entered the bilayer: in the first 100 ns, Artepillin C molecules had some contact with water molecules (blue line), which surrounded the Artepillin C aggregates. However, Artepillin C had no contact with the DMPC bilayer (magenta line), then. From 100 to 300 ns, Artepillin C molecules started entering the membrane (snapshots c, d, and e in Fig. 6 ), increasing the percentage of average contacts with DMPC lipids while decreasing the contacts with water. Thereafter, Artepillin C aggregates disintegrated as reflected by a decrease in the number of Artepillin C-Artepillin C contacts. From this point on, most Artepillin C molecules were in contact with DMPC instead of water, indicating that the compound was now inserted in the membrane. Nevertheless, the simulation indicated that Artepillin C molecules remained near the water/membrane interface because the contact with water remained constant in the last 200 ns even though the contact with DMPC increased.
The molecular dynamics simulations provided useful information about the interaction of Artepillin C with DMPC bilayers at the same time that they supported the experimental results discussed so far. One of the parameters, the area per lipid, increased along the MD simulation for both Artepillin C concentrations (Fig. 7b) -from an initial average value of 61.9 ± 1.3 Å 2 to 64.6 ± 1.0 Å 2 and 66.3 ± 1.1 Å 2 after 500 ns in the presence of 5 and 10 Artepillin C molecules, respectively. The average membrane thickness decreased slightly (by 2.2%) in the last 10 ns (Fig. 7c) , from 3.56 nm in pure DMPC down to 3.48 ± 0.14 nm in the highly concentrated system (10 Artepillin C molceules). Moreover, the presence of Artepillin C molecules induced a specific local thinning of the membrane (represented by green colored areas in Fig. 7c ). The absolute values of bilayer thickness obtained in the MD simulations were smaller than the values obtained by SAXS experiments (4.64 and 4.54 nm in the absence and in the presence of Artepillin C, respectively). These values agreed well, especially when one considers that the experimental value represent an averaged position of the polar headgroup (z H ) and its width (σ H ), whereas the theoretical value was calculated as the peak-to-peak average distance of phosphate-phosphate atoms between inner and outer leaflets. Nevertheless, the same relative thickness decreased by 2.2% upon addition of Artepillin C in both cases.
The disorder of the acyl chains, quantified by the average order parameter observed during the studied thermotropic and structural alterations caused by Artepillin C in DMPC model membranes, did not change significantly (Fig. 7d) . However, simulations with 5 and 10 Artepillin C molecules demonstrated increased mobility of the acyl chains, suggesting that this feature augmented the area per lipid even when the order parameter changed very little. Figure 7d shows that the major changes in order parameter occurred from the 5th to the 11th carbon atom of the acyl chain. Curiously, the alterations in order contrasted with the effects reported for other small molecules: when cholesterol, alcohol, and DMSO interacted with phosphatidylcholine model membranes, an increase in area per lipid implied an increase in the order parameter (Khajeh and Modarress 2014; Lee et al. 2005; Vermeer et al. 2007) . Figure 7e illustrates the electronic density over the last 10 ns of simulation in the presence of 10 Artepillin C molecules. Given the average phosphorous-phosphorous atom distance from the plot as compared to the above-mentioned bilayer thickness, the membrane clearly maintained its form after the Artepillin C molecules entered it. These data helped us to deduce the preferential positioning of the Artepillin C molecules. Artepillin C seemed to be equally distributed in both leaflets and resided mainly over the polar-apolar interface of the membrane, thereby influencing the regions around the lipid head group and the less profound carbon atoms of the acyl chain of the bilayer. Figure 6f depicts the equilibrium position of Artepillin C inside the bilayer during the final period of the simulation. The prenylated groups penetrated the deeper regions of the membrane, and the negative charge remained closer to the interface region, near the phosphate groups. The scheme in Fig. 8 clearly shows positioning of the compound near the phosphate group as well as its orientation in the bilayer, with the carboxylic groups exposed toward water.
Molecular Dynamics simulations also provided parameters regarding the perturbation in the area per lipid in the moment Artepillin C molecules entered the lipid bilayer under constant pressure. Regardless of the amount of Artepillin C in the lipid bilayer, either 5 or 10 molecules, the area they occupied remained constant along all the simulation time, suggesting that the perturbation caused by the compound in the membrane occurred in the initial moments of its interaction with the bilayer. This result agreed with the data obtained during the Langmuir monolayer experiments, which showed that inclusion of Artepillin C resulted in an expansion in area of 2 Å 2 in the monolayer. This value corresponded approximately to the value found in the molecular dynamics simulations conducted for an Artepillin C/DMPC molecular ratio of 5:128.
Conclusion
We have performed a series of experiments and MD simulations to understand how the main component of green propolis, Artepillin C, interacts with DMPC model membranes. In Artepillin C, the prenylated groups bound to cinnamic acid enhance the amphiphilic character of the compound and favor its insertion into the DMPC bilayer. Because the prenylated groups are relatively large, they significantly contribute to the changes promoted by Artepillin C in vesicles. We inferred these changes from the results achieved with the use of different experimental techniques. The negativity of the electric surface potential increases due to the contribution of the negative charge on Artepillin C. A higher surface pressure is necessary to disrupt DMPC monolyers containing Artepillin C. Addition of Artepillin C to DMPC increases the content of unilamellar vesicles and reduces the bilayer thickness. The presence of Artepillin C modifies the structure of the bilayer, affecting fluid lipid line defects in a way that the ripple phase and the pre-transition in the chain melting are eliminated. MD simulations detailed the interaction between Artepillin C and DMPC. Artepillin C aggregates in the aqueous phase before entering the bilayer. According to the simulations, the negatively charged group is located in the polar region of the membrane, the Artepillin C molecule is oriented in such a way that its longer symmetry axis lies along the direction normal to the surface, and heterogeneous regions emerge around Artepillin C, accompanied by a decrease in the thickness of the membrane. All this information helps an improved understanding of how Artepillin C affects model membranes and contributes improved knowledge of the molecular mechanisms involved in the many biological actions of propolis. Fig. 8 Schematic illustration of the Artepillin C insertion into the lipid bilayer. The negatively charged oxygen group (red) of the carboxylic acid was oriented toward the water/lipid interface represented by the phosphate atoms (purple) and blue points (water), whereas the prenylated groups were oriented toward the hydrophobic regions
